The cooling device for computers and electronics is getting smaller and thinner year after year, especially for the mobile handheld device such as smartphone which is the most popular gadget and widely use nowadays. It seems that in the current trend every 6-12 months a new model of smartphone is introduced and it was packed with faster processing processor, memories, and graphics, higher density battery, higher resolution for camera and video and so on. The drawback is the device getting hotter due to the increase of heat dissipation caused by faster computing. The traditional method of cooling by purely metal heat conducting is no longer viable. In the recent year thin heat pipes had been introduced to smartphone for better transfer and spreading the heat for cooling. Thin heat spreader vapor chamber becoming more attractive for smartphone cooling due to its potential superior heat transfer than thin heat pipe. Typically heat pipe or vapor chamber for cooling smart phone is less than 0.4 mm thick. This paper is a review and comparison on the structural design and thermal performance of various thin heat spreader vapor chambers on development or available off the shelves. Discussion on material compatibility, non-condensable gas generation and lifetime reliability of heat pipe and vapor chamber will be also included. Lastly some examples of application presented.
INTRODUCTION
The cooling device for computers and electronics is getting smaller and thinner, especially in mobile device like smart phone. In general, the cooling device thickness is less than 0.4mm. Usually, heat pipe and vapor chamber maximum heat transfer is governed by the capillary limit. However, due to the narrow internal space, other limits can be dominated such as viscous, sonic, entrainment or boiling. In this paper the following topics will be discussed -(i) Theoretical calculation for heat transfer limits for case study; (ii) A review and comparison on the structural design and thermal performance of various thin vapor chambers on development or available off the shelves; (iii) Discussion on material compatibility, non-condensable gas generation and lifetime reliability and (iv) Application.
HEAT TRANSFER LIMITS
Normally heat pipe and vapor chamber maximum heat transfer is governed by the capillary limit. However, due to the small internal space, other limits can be dominant such as viscous, sonic, entrainment or boiling. Equations and correlations to estimate these limiting factors are listed in Fig. 1 (Yong li, et al., 2016) . Authors had assumed that these equations are applicable to flatten heat pipe or vapor chamber configuration. A case study of vapor chamber of length 140mm and width 70mm has been chosen to represent general dimensions of smartphone. Figure 2 (a) showed the calculation results of heat transfer limit calculation for water at 60 o C, for these limiting factors against † Corresponding author. Email: mochizuki.masataka@gmail.com internal vapor space height. The height is the vapor space without taking account of the wick and container thicknesses. The calculation results indicated that the capillary limit is still a dominant factor, but as the height reduces, the viscous limit can also be a major influence factor. The capillary limit calculation is based on the assumption of sintered copper powder of thickness 0.1mm, approximate 100um powder diameter, 60% porosity, 60 degrees contact angle and water as working fluid. It showed that the limit of the vapor space height is about 0.1mm with maximum heat transfer between 1-6W. Figure 2 (b) showed the maximum heat transfer vs. space width, keeping the height constant 0.15mm. As expected if reduced cross sectional area of vapor space then maximum heat transfer would also be reduced.
Fig. 1 Heat transfer limits
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EXAMPLES OF VAPOR CHAMBER
There are numerous variety designs of vapor chamber either in development phases or available off the shelves to suit particular need. In this paper, a few vapor chambers are selected to show the variation. Figure 3 is a flexible vapor chamber developed by University of Colorado Boulder and Kelvin Thermal Technologies (Bar Cohen et al., 2015; Ryan Lewis, 2016) . They have developed 4 major configurations -(a) PCB-based, 3cm x 3cm with effective thermal conductivities claimed to be higher than 1500 W/mK; (b) Mylar-Aluminum, 5cm x 9.5cm with desired flexibility of highly bendable; (c) Copper-cladded Kapton, 5cm x 9.5cm with the desired flexibility and durability and best thermal performance; and (d) All-polymer 5cm x 9.5cm. The outer casing is Kapton and the inside has nylon spacers and polymer wicking structure. The best thermal performance (case c) of the vapor chamber has a total thermal resistance of about 1 o C/W at heat input of 20 W, and heating area of 1cm x 1 cm.
In the vapor chamber, the wick structure is the most important design because it governs the capillary force which assist to circulate the working fluid, and distribution the fluid within the vapor chamber. Figure 4 shows various hybrid wick structures for the evaporator of the vapor chamber (Hwang, et al., 2010; Sungtaek, et al., 2013) . The wick structures are (a) Powder vertical columnar arteries; (b) Powder converging lateral arteries; and (c) Powder bi-porous structure. The main aim of these structures is to distribute the working fluid to the evaporator efficiently. It was found that all these liquid supply structures showed nearly identical performance. The heat transfer is dominated by the evaporation of the spreading liquid layers. Figure 5 shows the schematic of vapor chamber with copper powder vertical columnar arteries. The vapor chamber has length 120mm, width 70mm, and total height 4.6mm (internal height 2.6mm), and the working fluid is water. The copper powder for the liquid spreading layer and the column are 50um and 150um respectively. It was claimed that for the heating area of 1cm x 1cm, the critical heat flux is about 380 W/cm 2 , and the evaporator thermal resistance is about 0.05 o C/W/cm 2 . Figure 6 shows author's vapor chamber. It has length 105mm, width 60mm, and total height 0.35mm (internal height about 0.2mm). Screen mesh was used as wick structure. The pattern of the wick structure varies depend mainly on the location of the heating area. For maximize the performance, it is essential to design the pattern to have the balance and uniform flow distribution of liquid and vapor. Figure 7 shows thermal spreading resistance comparison between thin vapor chamber and the graphite sheet of exact same dimensions. The graphite sheet claimed to have the in-plane thermal conductivity of approximately 800 W/m.K. The spreading thermal resistance (Rsp) is defined in Eq. (1). The heating area is 10mm x 10mm located at T2. The test was carried out in a vertical top heat configuration, and natural air convection cooling in a temperature controlled environment. Results in Fig. 7 shows that the vapor chamber spreading is at least 4 times better than graphite sheet. where, Figure 8 shows another example of thermal performance comparison between thin vapor chamber and the combination of Copper plate and graphite sheet. The vapor chamber is 100mm x 70mm and 0.4mm thick, whereas Copper plate and graphite sheet has same foot print but with thickness 0.2mm and 0.05mm respectively. The heating area is 10mm x 10mm located at T2. Figure 8(b) shows the vapor chamber can reduce the heat source temperature by about 6-10 o C, and at higher vapor chamber operating temperature gives higher improvement. Figure 8(c) shows the equivalent thermal conductivity comparison in favor of vapor chamber about 4-8 times better. The equivalent thermal conductivity was calculated using Eq. (2). The thermal image in Fig. 8(d Figure 9 shows a good summary of various vapor chamber performance by Bar Cohen et al,. (2015) . The abbreviation TGP means Thermal Ground Plane which operational principle is exact the same as vapor chamber. The summary indicated that the vapor chamber equivalent thermal conductivity is better than any known best material thermal conductivity. 
Fig. 5 Schematic of vapor chamber with powder vertical columnar arteries
Q = Heat input [W] Rsp = Spreading thermal resistance [ o C/W] T2 = Evaporator temperature [ o C] T1, T3 to T9 = Condenser temperature [ o C]
LIFE TIME RELIABILITY
Heat pipe and vapor chamber are simple passive devices, and which are totally sealed and have no moving parts, therefore one would expected long life reliability, and it would be so if manufacturing correctly. Their life reliability can be degraded by the followings -the internal of the device is unclean; gases present due to improper vacuum and filling of working fluid; Incompatible of material and working fluid; Impurity of material and working fluid. In long term operating their thermal performance can be degraded as a result of (1) chemical reaction that generate non-condensable gases and/or (2) corrosion and erosion of the container and wick. The non-condensable gases (NCG) accumulate in the heat pipe or vapor chamber, forming a diffusion barrier to vapor flow and effectively reducing the condenser area available for heat transfer.
Table 1 Comparison of surface area ratio
The NCG can greatly affect the performance of vapor chamber since the ratio of surface area to internal space is large in comparison with traditional heat pipe. Table 1 shows a particular case study comparison between thin vapor chamber (0.2mm internal height) and 6mm round heat pipe -in this case the ratio of surface area to internal volume for vapor chamber can be a magnitude order higher than the round heat pipe. The more surface areas the higher chemical reaction between material and working fluid.
It is anticipated that most gas quantity generated at initial time as shown by Murakami et al., (1987) . Figure 10(a) shows that most of gas quantity generated at the initial time, and very limited gas generation thereafter. These data were collected from Copper-water axial grooves heat pipe which has diameter 6.35mm and total length 250mm (heating length 50mm). There were total 60 samples tested at accelerated temperatures 40, 60, and 160 o C. If the initial NCG generation can be removed, then it is expected that there will be little or no NCG in long term operating. To demonstrate this phenomenon, Murakami tested the heat pipe at the initial and measured temperature drop of heat pipe, then re-evacuated heat pipe and tested again. The results are shown in Fig.  10(b) that heat pipe temperature drop remained constant after air reevacuation.
For computer, power devices, and electronic application, most of the vapor chamber would be made of copper and compatible working fluid water. Working fluid water was chosen due to its high latent heat and performance merit in the operating range 50-150 o C applicable to computing devices. Also water is a friendly fluid to the environment. As mentioned before for the mobile devices, vapor chamber need to be thin and light which can be a problem for mechanical structure integrity due to copper material is soft. Therefore, a harder material which is compatible with water would be required. One of suitable material is Nickel.
In order to estimate the life time of Nickel-water combination, the Arrhenius correlation in Eq. (3) is used. The notations are -Ea is activation energy (Joules); K is Bolzman constant (8.625 x 10 -5 eV/ o K); Ttest is test temperature ( o K); and Tuse is operating temperature ( o K). Table 2 (Anderson, 1973) shows the activation energy for various material and fluid combination from the past literature. For Nickel-water combination the activation energy is about 10.3 x 10 -20 Joules.
Accelerator factor = e (-Ea/K)*(1/Ttest-1/Tuse) (3) (a) (b) Fig. 10 Heat pipe copper-water life test data Figure 12 shows general cooling technologies for cooling computer and electronic products. Heat pipe is now a commodity for cooling in computer desktop, laptop and ultrabook. In some cases, vapor chamber would be used if high performance heat dissipation required. Figure 13 shows examples of thin heat pipe use for cooling thin platform products such as computer tablet and smart phones. The thin heat pipe thickness is in the 0.5mm level. The introduction of the 5G network smart phone device in 2019, which would require higher dissipation, and possibly thin heat pipe is not efficient to transfer the heat away, unless multiple heat pipes are used. Recently, a smart phone company (LG) intends to use vapor chamber, as shown in Fig. 14, to more efficiently spread the heat in X-Y direction since it has larger surface area. This type of thin vapor chamber cooling solution may become necessary for thin high power devices. Required further investigation on how to integrate wick into 0.1mm plate total thickness). 
APPLICATION
The maximum heat transfers for 0.1mm space height vapor chamber would be only few watts. 
For the current design and manufacturing of thin vapor chamber 0.3mm thick, it is unlikely that there will be any significant improvement in the thermal performance. Maybe a nano-structure wick, improvement in hydrophilic in the evaporator, and hydrophobic in the condenser, are required for further performance enhancement.  When the internal space height reduces, other limits such as viscous limit can have significant effect on heat transfer capability, therefore these limits need to be calculated and considered in the design. 
Vapor chamber equivalent thermal conductivity or heat spreading performance is much better than any known heat spreading / conducting material for the same form factor.  Expectation is that thin vapor chamber may become increasingly necessary for cooling thin high power devices.  Non-condensable gas (NCG) can have a profound bad effect on thin heat pipe and vapor chamber since the internal surface is large but internal volume is small, therefore, small amount of NCG can occupy large volume ratio.
